Strains of facultative methylotroph Ancylobacter aquaticus were compared with other gram-negative, nonsporeforming, nonmotile, curved, and ring-forming bacteria. These bacteria utilize methanol and hydrogen, but not methane. The major cellular fatty acid is straight-chain unsaturated Cisti acid. The major ubiquinone is Q-lo, and Q-9 and Q-11 are present as minor components. Based on the above data, these methylotrophs are distinguished from the other similar curved and ring-forming bacteria: Spirosoma linguale, FlectobaciZZus major, F . marinus, and Runella slithyformis. The latter three genera do not utilize methanol, have low deoxyribonucleic acid base compositions, possess different cellular fatty acids, and have a menaquinone-7 system. Furthermore, F . marinus is clearly distinguished from F . major in cellular fatty acid composition.
Previously, we (33-36) reported the grouping of gramnegative, methanol-utilizing bacteria on the basis of morphologic characteristics, utilization of carbon compounds, cellular fatty acid composition, ubiquinone systems, electrophoretic comparison of enzymes, deoxyribonucleic acid (DNA) base composition, and DNA-DNA homology.
The group 3 bacteria that we described (33) are facultative methylotrophic, nonsporeforming, gram-negative, nonmotile, curved cell-shaped bacteria that have a Q-10 ubiquinone system and a cellular fatty acid composition consisting of a large amount of C18:1 acid (type B). These organisms were formerly designated the "Microcyclus" species. The genus "Microcyclus" and the type species "Microcyclus aquaticus" were proposed by @rskov in 1928 (21) , and the names appear on the Approved Lists of Bacterial Names (29). " M . aquaticus" ATCC 25396 was designated the neotype (16) . However, Raj (27) found that the generic name had been previously assigned by Saccardo in 1904 to some fungi (28,31). Raj proposed that the bacterial generic name "Microcyclus" be replaced by Ancylobacter, with A . aquaticus Orskov, the only species recognized (19), being transferred to the new genus as its type species. The type strain (ATCC 25396) was retained as the type strain of A . gquaticus.
The quinone system plays an important role in the electron transport chain in bacterial cells. In addition to these biochemical activities, emphasized the taxonomic significance of quinones to the classification of bacteria, with their systems being applied to the taxonomy of a number of genera (6). Bacterial fatty acids exist mainly in the cell membrane and are essential to its structure and function. Likewise, the taxonomic significance of cellular fatty acid composition has been recognized in methanolutilizing bacteria (11, 33) , Pseudomonas spp. (12, 23), the Flavobacterium-Cytophaga complex (22), acetic acid bacteria (41), and Thiobacillus (13). A recent review on bacterial cellular fatty acid composition and chemotaxonomy has been published (32).
In the present study, we characterized the facultatively methylotrophic, nonsporeforming, gram-negative, curved cell-shaped and ring-forming bacteria, some of which were included within the "Microcyclus" description, and confirmed their association as the species of A . aquaticus (grskov) Raj.
MATERIALS AND METHODS
Strains. The strains examined, their origins, and other reference data are listed in Table 1 . In addition to group 3 bacteria described previously (33-35), newly isolated strains were included in the present study. Strains of Spirosoma, Flectobacillus, and Runella spp. were used as reference cultures. These strains did not utilize methanol, but showed morphologic characteristics similar to those of "Microcyclus" strains.
Maintenance and cultivation of cultures. Cultures were maintained on Microcyclus-Spirosoma (MS) agar (19) containing 0.1% each of glucose, peptone, and yeast extract, and 1.5% agar. An F. marinus strain was maintained on modified ZoBell 2216 medium (25) containing 0.5% peptone, 0.1% yeast extract, 0.02% ferrous sulfate, and 2.0% agar in seawater. MS agar medium and medium B (see below) were used for preculture and basal medium, respectively. Medium B contained 3.0 g of (NH4)2S04, 1.4 g of KH2P04, 3.0 g of Na2HP04, 0.2 g of MgS04 . 7H20, 30 mg of ferric citrate, 30 mg of CaC12. 2H20, 5.0 mg of MnC12. 4H20, 5.0 mg of ZnSO4. 7H20, 0.5 mg of c u S 0 4 . 5H20, 0.2 g of yeast extract, 1.0 ml of vitamin solution, 10 ml of methanol, and 1,000 ml of distilled water; the pH of this medium was adjusted to 7.1. The vitamin solution used contained 2 mg of biotin, 400 mg of calcium pantothenate, 400 mg of pyridoxine hydrochloride, 400 mg of thiamine hydrochloride, 200 mg of p-aminobenzoic acid, 2 mg of folic acid, 2 g of inositol, 400 mg of nicotinic acid, 200 mg of riboflavin, and 1,000 ml'of distilled water. Cells cultivated for 2 days with a rotary shaker in a 1,000-ml conical flask containing 300 ml of medium were used for the analyses of the cellular fatty acid composition, quinone system, and pigment. bbMicrocyclus" strains were cultivated in medium B broth; Spirosoma, F. major and Runella strains in MS broth, and F . marinus in modified ZoBell 2216 broth.
Identification methods. Unless otherwise stated, strains were cultivated at 30°C. Cell morphology, Gram reaction, and motility were determined by using cells grown on MS agar and medium B agar. Gram staining was carried out by the Hucker-Conn modification (9) . Motility was determined by the hanging drop method. Production of fluorescent pigment was tested on King A and B media incubated for 7 days. Nitrate reduction was tested after 1, 3, and 7 days of incubation in medium B with (NH&S04 replaced by 0.1% KN03, and in peptone water containing 0.1% KN03. The methyl red test and Voges-Proskauer reaction were tested in glucose-phosphate-peptone broth. Production of indole was determined with Kovacs reagent in 1% Tryptone broth (catalog no. 0123; Difco Laboratories, Detroit, Mich.) after 3 days of incubation. Production of hydrogen sulfide from thiosulfate was tested on cultures grown on triple sugar iron agar (Difco) for 2 weeks. Hydrolysis of gelatin was tested after 4 weeks of incubation at 20 and 30°C in stab cultures in MS broth containing 12% gelatin. Hydrolysis of starch was determined by using an iodine solution on MS agar containing 0.2% soluble starch after 1, 3, and 7 days of incubation. Production of ammonia was tested with Nessler reagent in peptone water cultures grown for 7 days. Nitrate respiration (anaerobic growth in the presence of potassium nitrate) (14) was tested on cultures grown for 7 days on MS agar containing 0.3% KN03 (wthol) and medium B with (NH4)*S04 replaced by 0.3% KN03 in a GasPak anaerobic system (BBL Microbiology Systems, Cockeysville, Md.). Litmus milk reactions were tested in litmus milk (catalog no. 0107; Difco) cultures incubated for 14 days. For the oxidation-fermentation test, Hugh and Leifson oxidationfermentation basal medium (catalog no. 0688; Difco) (10) was used with each of the following 15 carbohydrates:
galactose, maltose, sucrose, lactose, trehalose, D-sorbitol, D-mannitol, inositol, glycerol, and soluble starch. They were sterilized by filtration, and each was added to a final concentration of 0.5%. The GasPak anaerobic system was used for anaerobic conditions. Acidification of the media was investigated up to 4 weeks. Nutritional requirements were determined by inoculating saline-washed cells into a basal medium supplemented with various vitamins. Medium B lacking yeast extract and vitamins was used as the basal medium. Kinds and amounts of vitamins tested were the same as in the above-mentioned vitamin solution. Growth in liquid media was determined by the optical density at 610 nm. Utilization of nitrogen compounds was determined in liquid basal medium B, and (NH&S04 was replaced by 0.3% (wthol) KN03 or 0.3% urea. Urease activity was determined on Christensen medium (2) incubated for 7 days. The oxidase test was performed with cytochrome oxidase test paper (Nissui Seiyaku, Tokyo, Japan). Catalase activity was detected by the production of bubbles upon addition of a 3% hydrogen peroxide solution to cultures grown on agar slant of medium B for 3 days. Optimum temperature and pH for growth were tested in medium B, and growth was assessed by optical density at 610 nm. Tolerance to sodium chloride was tested by inoculating cells into medium B containing 3% NaCl and incubating for 7 days. The following compounds, at a concentration of 0.5% (wthol), were added to medium B in place of methanol to determine if each could be used as a sole carbon source: L-arabinose, D-xylose, D-glucose, D-mannose, Dfructose, galactose, maltose, sucrose, lactose, trehalose, On: Sat, 19 Jan 2019 22:45:04 VOL. 36, 1986 METHANOL-UTILIZING ANCYLOBACTER STRAINS 417 D-sorbitol, D-mannitol, inositol, glycerol, soluble starch, ethanol, and pectin. One loopful of liquid culture of medium B incubated at 30°C for 3 days was used as an inoculum in 10 ml of each of the fresh media. When growth was observed, one loopful of the broth was transferred to a new fresh medium to ascertain utilization of the compound. As the inoculum was very small, a carry-over of nutrients was fatty acid composition was determined as described previously (33). Hydroxy acids were separated from nonpolar fatty acids by thin-layer chromatography. The hydroxy acids were extracted from the thin-layer plate with a mixture of chloroform and methanol (2: 1, vol/vol), analyzed by gas chromatography (12) , and confirmed by gas chromatographic mass spectrometry (model GC MS-QP 1000; S himadzu, Kyoto, Japan).
Determination of quinone system and quinone homologs. Quinone systems were determined as described previously (33). Mass spectrometry (model GC MS-QP 1000, Shimadzu) was used to confirm the quinones. Quinone homologs were analyzed by using a Shimadzu model LC-SA high performance liquid chromatograph and a column (4.4 by 400 mm) of Nucleosil 5C18 (M. Nagel, Federal Republic of Germany). The solvent used was a mixture of methanol-n-hexane (4:1, vol/vol). The flow rate was 0.7 mllmin. Detection was with a Shimadzu model SPD-2 spectrophotometer at 274 nm. The abbreviations used for ubiquinones indicate the number of isoprene units in a side chain (e.g., Q-9, Q-lo, Q-11). The abbreviations used for menaquinones indicate the number of isoprene units in a side chain (e.g., MK-6, MK-7, MK-8).
Pigments. Pigment was extracted with 90% isopropanol from whole cells harvested by centrifugation. The visible absorption spectra of samples were recorded with a Hitachi model 220A spectrophotometer (Hitachi Co., Ltd., Tokyo, Japan).
RESULTS
Phenotypic characteristics of group 3 methylotrophic bacteria. ' Microcyclus" strains were gram-negative, nonsporeforming, nonmotile, curved cell-shaped bacteria, 0.3 to 0.6 pm in diameter, and 1.0 to 3.0 pm in length. All strains grew on nutrient agar. Colonies were white, and no water-soluble fluorescent pigments were produced by any strain. Nitrate was reduced to nitrite by all strains, but "M.
aquaticus" TK 0302 and TK 0303, and " M . rnethanolica" TK 0309 weakly reduced nitrate to nitrite. The methyl red test and Voges-Proskauer reaction were negative. Indole and hydrogen sulfide were not produced. Hydrolysis of gelatin and starch was negative. Ammonia from peptone water was produced weakly. Nitrate respiration was not performed by On: Sat, 19 Jan 2019 22:45:04 VOL. 36, 1986 METHANOL-UTILIZING ANCYLOBACTER STRAINS 419 any strain. Litmus milk was changed to an alkaline reaction by all strains, but milk was not coagulated. Acid was produced oxidatively from L-arabinose, D-xylose, Dglucose, D-fructose, D-galactose, D-sorbitol, D-mannitol, and glycerol, although " M . eburneus" TK 0305 produced acid weakly from D-sorbitol, D-mannitol, and glycerol. Acid was not produced from D-mannose, maltose, sucrose, lactose, trehalose, inositol, or soluble starch. Acid was not produced fermentatively. Biotin was required by all strains. Ah ammonium salt, nitrate, and urea were utilized by all strains as sole source of nitrogen. All strains produced urease, oxidase, and catalase. " M . aquaticus" TK 0301, TK 0303, TK 0305, " M . methanolica" TK 0307, and isolate TK 0314 weakly produced catalase. Good growth was observed between pH 6.0 and 8.0. All strains grew at 30°C, but the maximum temperature for growth differed among the strains (Table 2 ). The optimum concentration of NaCl for growth ranged from 0.5 to 1.0%, but the growth was inhibited in the presence of 3% NaCl. All strains utilized L-arabinose, D-xylose, D-glucose, D-fructose, D-galactose, D-sorbitol, D-mannitol, glycerol, pectin, ethanol, and methanol, but did not utilize maltose, sucrose, lactose, trehalose, inositol, soluble starch, or methane. " M . aquaticus" TK 0302 and TK 0303, and " M . methanolica" T K 0310 weakly utilized D-mannose, but the other strains did not utilize this sugar. About one-half of the straihs utilized methylamine (Table 2) , and all strains utilized hydrogen. We confirmed the utilization of hydrogen by the following strains, as previously reported: " M . aquaticus" Cellular fatty acid composition. All "Microcyclus" strains contained a large amount of straight-chain unsaturated C18:1 acid (Table 3 and Fig. 1 ). This pattern of cellular fatty acid composition is termed type B (33) . Small amounts of straight-chain saturated c16:0, C18:o, and C19:o acid, straightchain unsaturated c 1 6 : 1 acid, C19:o cyclopropane acid, and 3-OH C14:o hydroxy acid were also detected. On the other hand, S . linguale strains contained large amounts of straightchain saturated c16:0, unsaturated c16:1, is0 C15:0, and is0 C17:o acid. F . major contained large amounts of is0 C15:o and is0 C17:o acid. F . marinus contained large amounts of anteiso Ciszo, is0 C15:0, and straight-chain unsaturated C16:1 acid. R . slithyformis contained large amounts of anteiso ClsI0, is0 C15:o, is0 C17:o, and straight-chain unsaturated c 1 6 : 1 acid ( Table 4 ).
Quinone system. All "Microcyclus" strains had the Q-10 ubiquinone system, along with minor ubiquinone 9 and 11 components (Table 5 ). On the other hand, S . linguale strains, F . major, F . marinus, and R . slithyformis had the MK-7 menaquinone system, along with minor menaquinone 6 and 8 components. Mass spectra of menaquinone MK-7 preparations exhibited intense fragment peaks at mle 69, 187, and 225, and had a molecular weight of 648.
Pigment. None of the "Microcyclus" strains had pigments in the cells. On the other hand, S. linguale strains, F . major, F . marinus, and R . slithyformis had carotenoid pigments. Absorption maxima of S. linguale pigments were approximately 450 nm (Fig. 2) , while pigments from the other organisms had absorption maxima at approximately 470 nm (Fig. 3) .
DISCUSSION
The 16 strains of facultative methanol-utilizing, gramnegative, nonsporeforming, nonmotile , curved cell-s haped bacteria, which were previously designated "Microcyclus" strains and regarded by us as group 3 bacteria (33) shared the same phenotypic characteristics with the exceptions of minor differences in the growth temperature and in their abilities to utilize D-mannose and methylamine (Table 2) . Motility in the species of the genus "Microcyclus" has been found only with gas vacuolated strains (30) . Aerobic acid production from mannose and sucrose was different from the results reported by other workers (19, 24, 30, 37) . Raj (24) reported acid production from mannose and sucrose by "M. aquaticus" strain after incubation of 17 days. Larkin et al. (19) investigated acid production from mannose by "M. aquaticus" strains after incubation of 3 weeks, but not from sucrose. Differences among these results may be ascribed to the culture conditions or unknown factors. Furthermore, "Microcyclus" strains investigated in this study shared the same cellular fatty acid composition, ubiquinone system, and DNA base composition (Tables 3 and 5 ). As previously reported (34) , above-mentioned "Microcyclus" strains were divided into three subgroups by electrophoretic patterns of enzymes, and this grouping agreed well with the grouping of "Microcyclus" strains based on DNA-DNA homology by Konopka et al. (15) . The homology study cited above showed much lower genetic relatedness (28 to 45%) of the type strain "M. aquaticus" (ATCC 25396) to other strains of the same species, even though their DNA moles percent guanine plus cytosine contents were very close. However, these molecular and enzymatic differences are not correlated with the growth temperature and the utilization of Dmannose and methylamine. We believe that these phenotypic markers are intraspecific, as shown by Van Ert and (7), and, therefore, these bacteria fall within a single species. The group 3 bacteria that we described (33) appear to have characteristics of strains in the newly described genus Ancylobacter, including "M. aquaticus," "M. eburneus," "M. methanolica," and isolates belonging to the group designated as A . aquaticus.
Nonmotile (or rarely motile), gram-negative, curved bacteria (Ancylobacter, and other nonmotile, ring-forming bacteria) have been much discussed on the basis of morphology, physiology, and chemotaxonomy (15, (18) (19) (20) 2427 ). Based on this information, Borrall and Larkin (1,17) and Staley and Konopka (30) presented a rearrangement of the species and genera of these bacteria. Our data on the quinone systems and cellular fatty acid profiles verify that Ancylobacter, Spirosoma, Flectobacillus, and Runella are separate genera.
A. aquaticus strains can be distinguished clearly from the members of the Spirosomaceae family (Spirosoma , Flectobacillus, and Runella), especially since the Ancylobacter strains show differences in the utilization of methanol, DNA base composition (1, 4, 18, 19, 25, 3 3 , cellular fatty acid composition, quinone system, and in their inability to form carotenoid pigment. Borrall and Larkin (1) proposed that "M. marinus" be included in the genus Flectobacillus and renamed it F. marinus because of its similarity to F . major. Our data show similarities of quinone system between these two organisms, but F. marinus is clearly distinguishable by its cellular fatty acid profile.
